American shad Alosa sapidissima is a recreationally, commercially, and ecologically valuable anadromous species native to coastal river systems on the Atlantic coast from the St. Lawrence River, Canada, to the St. Johns River, Florida (Limburg et al. 2003) . Historically, American shad supported one of the most important fisheries on the eastern seaboard (Smith 1894; Walburg and Nichols 1967) . Recreational and commercial fisheries for the species still exist, although many populations FIGURE 1. Map of the Roanoke River basin in North Carolina and Virginia, including sampling sites, tributary rivers, and dams. Filled circles accompanied by letters denote release sites (a = Summit, b = Stonehouse, c = County Line, d = Island Creek, and e = Staunton River), open circles with numbers denote stationary receivers (3-10, 13, and 14 were used in all years and 1, 2, 11, and 12 were used in 2008 and 2009). Plankton sampling for American shad eggs was completed near receivers 11, 12, 13, and 14 and at sites denoted by stars. Impounded lakes are located above the dams with the same names. The collection site for American shad at Roanoke Rapids is just downstream of the Roanoke Rapids Dam. et al. 2003; Schilt 2007) . To mitigate the effects of dams in some rivers, fishways have been installed to help adults pass upstream, and eggs, larvae, and adults have been collected or cultured and released in upstream habitats (Hendricks 2003; St. Pierre 2003; ASMFC 2007) . Stocking programs, flow regulations, and the installation of fishways appear to have improved American shad populations in some systems (Cooke and Leach 2003; St. Pierre 2003; Weaver et al. 2003) . There are concerns, however, that access to upstream habitats could decrease the degree of iteroparity in an American shad population, since individuals in upstream habitats may suffer increased mortality associated with downstream passage through dams as well as higher energetic demands associated with the longer migration and any delays at migratory barriers (Leggett et al. 2004; Castro-Santos and Letcher 2010) .
This study was completed to evaluate movement patterns and habitat use of adult American shad transported upstream of dams on the Roanoke River, North Carolina and Virginia. The most downstream dam in the system is located in Roanoke Rapids at river kilometer (rkm) 221 (Rulifson and Manooch 1990) . This dam was completed in 1955 for hydroelectric power generation and replaced a smaller dam present in the same location since about 1900 (Rulifson and Manooch 1990; Hightower et al. 1996; Hightower and Sparks 2003) . The next two upstream dams are Gaston Dam at rkm 233 and Kerr Dam at rkm 288 ( Figure 1 ). None of these dams provide fish passage. American shad in the Roanoke River historically migrated as far upstream as Salem, Virginia; presently, most spawning occurs in the main river channel just below the Roanoke Rapids Dam (Hightower and Sparks 2003) .
Upstream of Kerr Lake in the Roanoke River basin, there are approximately 400 rkm of accessible riverine habitat (Read 2004) . Using field data on habitat features and environmental data from five main-channel and tributary rivers above Kerr Lake and habitat suitability models for American shad, Read (2004) estimated that there would be at least 62 rkm of suitable spawning habitat in the upper Roanoke River basin in May. Read (2004) also found that American shad eggs in incubators in riverine locations above Kerr Lake successfully hatched, further demonstrating that access to these upstream areas could increase spawning and nursery habitat available to American shad in the Roanoke River.
The primary purpose of this research was to examine whether American shad collected during the spawning run in the lower Roanoke River and transported to upstream habitats would successfully migrate and spawn in suitable riverine habitat. Another purpose was to examine movements of tagged fish released in the Staunton River, Kerr Lake, and Lake Gaston in terms of absolute distance and direction. The lower Staunton River has detectable flow, whereas Kerr Lake is a 20,234-ha reservoir and Lake Gaston is an 8,215-ha reservoir. Therefore, any differences in the ability of American shad to migrate through these three Downloaded by [North Carolina State University] at 10:47 29 June 2011 areas could help identify the conditions under which transport to upstream waters could be most successful. A final purpose of this project was to evaluate how and when trap and transport could be used most effectively to help restore American shad populations.
METHODS
Preliminary assessment of collection and tag mortality.-To evaluate short-term mortality associated with our procedures before initiation of the transport experiment, we collected and tagged American shad and monitored their survival for 5 d in holding tanks. On 4 April 2007, we collected 22 adult American shad by boat electrofishing at Roanoke Rapids, in the area between 1 and 2 rkm below the Roanoke Rapids Dam ( Figure  1 ). Fish were held on board in a tank with flow-through water during processing. All fish were measured for total length (mm), identified to sex, and tagged with an ultrasonic transmitter. Tags were coated in glycerin and inserted carefully through the esophagus into the stomach using the eraser end of a pencil. Transmitters were 9 mm in diameter, 24 mm in length, 3.6 g in weight in air, had a battery life of 70 d, a delay period of 10-30 s, and used a single frequency of 69 kHz (V9-1 L, Vemco Division/AMIRIX Systems, Inc., Halifax, Nova Scotia, Canada). These transmitters were smaller in size and weight than those used in previous American shad telemetry studies (Beasley and Hightower 2000; Moser et al. 2000; Hightower and Sparks 2003; Sprankle 2005; Olney et al. 2006; Aunins and Olney 2009 ). We quickly placed fish by dip net into a 2,271-L circular hauling tank with circulating current. Water from the river was used to fill the hauling tank and salt was added to help reduce osmotic stress to the fish (Hendricks 2003) . Oxygen was also added to the tank through oxygen-fed air stones. Typical hauling densities for American shad are two to three fish per 100 L (Hendricks 2003) , so a hauling tank of this size should successfully (low mortality) transport 45-68 adult American shad per trip. The hauling tank was driven for over an hour to simulate transport to the upper basin and at the hour's end delivered to the North Carolina Power/Dominion (Dominion) powerhouse at Roanoke Rapids. Once at the powerhouse, we randomly placed 11 fish into each of two circular holding tanks with flow-through water from Roanoke Rapids Lake, the reservoir impounded by the Roanoke Rapids Dam (Figure 1 ). Each afternoon for 4 d, we recorded dissolved oxygen (DO) and temperature via a Yellow Springs Instrument (YSI85, Yellow Springs, Ohio) and examined each tank for any dead individuals. On 9 April 2007, we sacrificed all fish to collect the tags. Only 1 of the 22 fish (4.5%) died during this experiment. In this one female, the tag was slightly posterior in the stomach than it was for other fish, although no trauma was apparent, and the fish showed no obvious reasons for its death. Overall, our collecting, transporting, and tagging procedures resulted in a low level of mortality. (Figure 1 ). In 2009, fish were collected, tagged, and released by Aquatic Ecosystem Management Inc. and were only detected by stationary receivers. Depending on the analysis, some or all data from 2009 were excluded because of errors in data recording (Harris and Hightower 2010) . On each sampling date, approximately 50-60 American shad were collected by boat electrofishing at Roanoke Rapids. During 2007, we released approximately half of the fish from each of two locations per sampling date within one reservoir, either Lake Gaston or Kerr Lake (Figure 1 ). Movement patterns for fish released at the two different sites within a reservoir appeared similar; thus in 2008 and 2009, we released all fish from one location per day (i.e., Stonehouse in Lake Gaston and Island Creek in Kerr Lake). In 2008, we added a release site in the lower Staunton River to evaluate movement patterns for fish released in riverine habitat. In 2009, tagged fish were only released in Kerr Lake and the Staunton River. On each release date, 8-18 fish were each implanted with a sonic tag. In 2007, most American shad were tagged at the release site, since all fish were transported in the same tank and it was otherwise impossible to ensure that equal numbers of tagged individuals would be released at each of the two sites in the reservoir. In 2008 and 2009, all fish were tagged on the electrofishing boat before being placed in the haul tank because there was only one release site per day. All American shad selected for tagging appeared healthy and were moving vigorously. We did not tag either all females or all males on a given date, but no other factors were considered in choosing individuals for tagging. We transported fish in the haul tank to the release site, as described above.
Once at the release site in 2007 and 2008, we placed all American shad into a net pen attached to a dock until the morning following transport. Penning overnight was done to decrease the likelihood of losing transmitters due to immediate mortality associated with capture, handling, and transport, and to facilitate fish moving together as a school. Net pens were rectangular and had frames made of polyvinyl chloride (PVC) pipe 3.0 m in length and 1.8 m in both width and depth. The top frame was sealed and therefore floated on the water surface and the bottom frame filled with water and sank. All sides, the top, and the bottom were covered by 0.63-cm ace knotless netting (Midlakes Corporation, Knoxville, Tennessee), so fish could not exit prior to release. On the morning after transport, we opened a flap of net facing outward so fish could swim out. We lifted the closed side of the pen to encourage outward movement, but fish were generally not handled. All fish that died in transit or in the pen were measured for total length, identified to sex, and examined for the presence of a sonic tag. In 2009, fish were placed in pens overnight on some dates and were released directly into the river on other dates. Water temperature was recorded using a YSI85 m in the river at the time of fish collection, in the haul Downloaded by [North Carolina State University] at 10:47 29 June 2011 tank during transport, and at the site when fish were placed in a net pen.
To evaluate conditions under which trap and transport could be best used to move American shad for restoration or aquaculture purposes, we used logistic regression to examine the relationship between mortality during transport (yes or no) and different environmental and physical conditions (river temperature, total time spent in the haul tank, water temperature difference between the haul tank and the release site, fish length, and fish sex) during 2007 and 2008. Logistic models were blocked by collection date because fish collected on a given date were subjected to the same conditions. All combinations of conditions were examined (N = 31 models), and the most parsimonious model was selected using Akaike's information criterion corrected for small sample sizes (AIC c ; Burnham and Anderson 2002 ). Akaike's information criterion (AIC) is an information theoretic approach used to rank multiple candidate models based on parsimony, which balances bias and variance (Burnham and Anderson 2002) . The small-sample correction, AIC c , is preferred when the sample size is small compared with the number of parameters in the global model (N/K < 40), which was the case for our data. We also calculated the likelihood of each model given the data, to estimate Akaike weights, which help evaluate the evidence for each candidate model compared with all others in the set (Burnham and Anderson 2002) .
Telemetry.-Movement patterns of tagged American shad were examined in Kerr and Gaston lakes and the Staunton and Dan rivers, mainly with stationary receivers (VR2; Vemco, Halifax, Nova Scotia, Canada). Each receiver monitored continuously and recorded the time, date, and unique transmitter code for any detected tags. We placed three stationary receivers in Kerr Lake and two in Lake Gaston to assess movement patterns in these reservoirs during all years ( Figure 1 ). Another receiver was placed in Roanoke Rapids Lake to assess fallback or outmigration through Gaston Dam (Figure 1 ). We put one receiver at the entrance to the Dan River, another at the entrance of the Staunton River, and others (two in 2007 and four in 2008 and 2009) farther upstream in the Dan and Staunton rivers (Figure 1) . In 2008 and 2009, we placed two receivers at Roanoke Rapids to obtain information about downstream movements of transported American shad (Figure 1 ). We checked stationary receivers for detections of tagged American shad at least monthly from mid-April to late June or July. In 2009, receiver 7 was missing from the buoy to which it was attached in Kerr Lake before data were downloaded; thus, no information from this receiver was obtained. In 2007 and 2008, we manually tracked tagged American shad, when possible, with a VEMCO model VR100 manual receiver, to examine specific movement patterns in reservoir and riverine habitats and to evaluate survival and passage downstream through dams.
To estimate the proportion of time tagged American shad spent in habitat suitable for spawning, we calculated the amount of time that the tagged fish spent in all upper basin habitats and the amount of time that they spent in riverine habitat. The apparent total amount of time (total duration) spent in upstream habitats was estimated for each fish as the time from release to either the last detection in the system (by fixed receiver or manual relocation) or the time when the fish was first picked up on a receiver in the next lower reservoir. Duration in riverine habitat (riverine duration) was calculated as the sum of the amount of time between events of river entry (either from release or when the fish passed receiver 9 or 10 to enter a river) and river exit (when the fish passed receiver 9 or 10 on the way back to Kerr Lake). American shad are batch spawners, so they mature and spawn eggs over time during the spawning season (Olney et al. 2001; Olney and McBride 2003; Hyle 2004) ; therefore, both the amount and proportion of time spent in riverine habitat could influence the number of batches that they could release in suitable habitat and their overall annual fecundity. The proportion of time in riverine habitat was calculated as riverine duration divided by total duration. Duration in riverine habitat was compared between males and females and between fish released on different dates in the lower Staunton River in 2008 using analysis of variance (ANOVA). Using a t-test, we also examined for differences in the total length of tagged American shad from Kerr Lake in 2009 between those that entered a river and those that were only detected in the reservoir. This test was completed to evaluate whether size potentially affected the extent of upstream migration. Similar tests were not completed for American shad released in Kerr Lake in 2008 because few individuals migrated into riverine habitat.
We estimated the distances moved by tagged American shad to evaluate differences in movement patterns between fish released in different habitats and during different years and the general consequences of transporting fish upstream of dams. The minimum total distance moved was calculated as the total linear distance between fixed receivers and manual tracking locations for a fish over the entire season. Minimum upstream distance, calculated from the release point to the most upstream location where the fish was recorded, was also calculated. Minimum total and minimum upstream distances were both calculated to evaluate the relative amount of movement that was directed upstream toward or within riverine habitat. Using a conical equidistant projection, we estimated the linear distances between release locations and fixed receivers in ArcMap (ESRI, Redlands, California) from the U.S. Geological Survey's National Hydrography Dataset (http://nhd.usgs.gov/) maps for the upper Roanoke River Basin. All tagged American shad not found by at least one method outside of their general site of release were eliminated from all analyses, as they may have died or regurgitated their tags just after release.
Assessment of fallback.-After handling and tagging, some anadromous fishes experience a period of "fallback" when they move back downstream towards marine waters (Moser and Ross 1993) . Tagged American shad often experience fallback and some subsequently do not continue upstream migration, even when no barriers exist (Barry and Kynard 1986 . We considered fallback to be any fish first recorded by a stationary receiver downstream of the release site. In 2008, we evaluated the degree of fallback as a result of our tagging and transport procedures. To evaluate fallback associated with tagging, six American shad were collected by electrofishing, tagged, and immediately released at Roanoke Rapids. To evaluate fallback as a result of both tagging and transport combined, we collected approximately 50 fish and tagged 6 individuals. All fish were put in the hauling tank, driven around for over 1 h, held overnight in net pens set at Roanoke Rapids, and released the next morning, which was similar to fish transported to upstream habitats. We placed stationary receivers near the collection site and about 2.7 rkm downstream ( Figure 1 ) to assess the percentage of tagged fish that experienced fallback and the percentage of those that returned to the main spawning grounds.
Downstream passage and survival.-To evaluate some effects of transporting wild fish on the number of repeat spawners in the population, we estimated mortality associated with downstream passage through Gaston and Kerr dams. There are no bypass facilities at these dams and releases through spill gates did not occur at either Gaston or Kerr dams during these years, so downstream passage would occur through the turbines. A fish was presumed alive after movement through a dam if it was later manually identified at two or more locations, detected at two or more stationary receivers, detected by one stationary receiver at least twice but not within the same 24 h, or a combination that suggested that the fish moved. Separation in space of relocations would document that the fish moved, whereas separation in time would imply that the fish moved away from the stationary receiver and later moved back. Changes in flow releases from dams could potentially also result in separations in detections because ranges for stationary receivers are affected by depth and bathymetry. However, the environmental conditions at receiver locations and the specific detection patterns (i.e., when a specific fish was and was not detected in relation to flow changes) made this type of bias unlikely. A fish was presumed dead if it was located in the same place by manual tracking on multiple sampling dates. A fish's fate was considered unknown if it was only detected once after passage through a dam. We estimated the survival rate for downstream passage at each dam as the percentage of sonic-tagged fish that survived out of the total number of sonic-tagged fish that moved downstream past that dam. We calculated 95% confidence intervals (CIs) for these survival rates using an exact method for binomial data (survived or died) described by Clopper and Pearson (1934 (Bilkovic et al. 2002; Hightower and Sparks 2003; Burdick and Hightower 2006) , we used plankton tows to document spawning in upper rivers in 2007 and 2008 . From mid May to late June in 2007, we conducted a 15-min oblique plankton tow (bongo frame with two 0.3-m diameter plankton nets, 6:1 tail to mouth ratios, and 500-µm mesh) weekly at each of three stationary locations near receivers 10, 13, and 14 in the Staunton River (Figure 1 ). In 2008, four additional plankton stations were sampled from mid April to late June, one in the Staunton River near receiver 12 and three in the Dan River (Figure 1) . To determine the timing and temperature range when spawning occurred, plankton tows were also completed weekly in 2007 during the evening from early April to early July at the primary spawning area in Roanoke Rapids (Figure 1 ; Hightower and Sparks 2003) . At each plankton tow site, water temperature and DO were recorded (YSI85 m) at approximately 0.5 m below the water surface. A standard General Oceanics Environmental flowmeter (General Oceanics, Miami, Florida) was deployed adjacent to the net to estimate the volume of water filtered during each tow so that the volume could be standardized for all samples. Eggs were fixed in 5-10% buffered formalin in the field, and American shad eggs were later identified and counted (Jones et al. 1978; Burdick 2005) .
RESULTS

Trap and Transport
A total of 1,161 American shad (313 in 2007, 425 in 2008, and 423 in 2009) were transported and released in lakes Gaston (294) and Kerr (522) and the lower Staunton River (345). Water temperature at Roanoke Rapids when American shad were collected for transport ranged from 12.0
• C to 18.8
• C (average = 14.6, SE = 0.433). Water temperatures at upper basin release sites were generally slightly warmer than those at Roanoke Rapids, ranging from 12.2
• C to 23.0
• C (average = 16.6, SE = 0.601). American shad spent between 2.8 and 7.6 h in the haul tank before release into an upstream habitat. Females ranged in total length (TL) from 422 to 667 mm (average = 491 mm) and males ranged from 331 to 526 mm TL (average = 434 mm). Of the 1,161 American shad released into upstream habitats, 300 received sonic tags. A total of 227 sonic-tagged American shad were used in analyses, including 55 released in Lake Gaston, 110 released in Kerr Lake, and 62 released in the Staunton River (Table 1 ). The majority of collected (about 80%) and tagged (about 72%) American shad were males. To see more specifics on tagged and untagged American shad transported to upstream areas see Harris and Hightower (2010 (Figure 1 ) was moved into an area of low water during the night, resulting in very high mortality. Fish alive the next morning were released, and tagged fish were included in the movement portions of this paper; however, data from this date were not included in analyses of mortality because the outcome was a result of human interference, rather than transport procedures. Excluding that date, the average rate of survival to release during 2007 and 2008 was 85% (81% for females, 86% for males). We could not compare survival of tagged and untagged fish in 2007 because fish were tagged at the release site, but in 2008, 91% of tagged and 87% of untagged American shad survived to release.
Logistic regression analysis suggested that survival to release was mainly influenced by river water temperature but was also affected by total length (Table 2) . American shad survival during transport generally decreased with increasing river water temperature (Figure 2 ). Survival was also lower, in general, for larger individuals. The most parsimonious model according to AIC c included both temperature and total length as covariates (Table 2 ). In combination, the two most parsimonious models according to AIC c (one including both river water temperature and total length and the other with just water temperature as a covariate), accounted for almost 50% of the Akaike weight (Table 2) . Also, all candidate models with any Akaike weight contained temperature as a covariate.
Telemetry
The movement patterns of sonic-tagged American shad differed by release site. Tagged American shad were released in Lake Gaston during 2007 (N = 27) and 2008 (N = 28) and movements were highly variable (Figure 3 ). Of all tagged fish released in Lake Gaston, 80% were detected at least once by receiver 4 in the middle of the reservoir (Figure 1 ). Approximately 31% of all tagged fish were detected at receiver 5 in the tailrace of Kerr Dam (Figure 1 ), most detections being from late April to early July. The distance between receivers 4 and 5 is almost 29 km, and 15% of tagged fish released in Lake Gaston moved repeatedly between the two receivers, two fish completing this migration four times ( Figure 3B ). Some tagged fish in Lake Gaston moved as far upstream as was possible (the Downloaded by [North Carolina State University] at 10:47 29 June 2011 TABLE 2. Candidate models for logistic regression of the probability of survival for transported American shad, including the number of parameters in the model, the deviance (-2 · log likelihood), the Akaike information criterion (AIC c ), AIC c , the likelihood of the model given the data (L[g i | x]), and the Akaike weight (W i ). Covariates are defined as follows: temperature = the temperature in the river at the time of collection, time in tank = the time spent in transport (min), and difference = the difference in water temperature between the tank and the release location. The models were produced from data collected during 2007 and 2008.
Model
Number (Table 3) . Of the tagged American shad released in Lake Gaston, 49% passed downstream through Gaston Dam and entered Roanoke Rapids Lake ( Figure 3C ). Of those that passed downstream, 59% first made upstream migrations, some to receiver 5. Downstream passage occurred from late April to late May in both 2007 and 2008. Also, 32% of the tagged fish released in Lake Gaston that did not pass downstream into Roanoke Rapids Lake during the season were last located by manual tracking just above Gaston Dam during June. Similar to tagged fish released in Lake Gaston, most tagged American shad released in Kerr Lake were detected by stationary receivers in the middle of the reservoir (Figure 4) . Tagged fish were released in Kerr Lake in 2007 (N = 26), 2008 (28), and 2009 (56) . During 2007 and 2008, 96% of the tagged fish that actively migrated, were detected in the middle of Kerr Lake by either receiver 6 or 7 or, more commonly (81%), by both of those receivers (Figure 4 ). In fact, many tagged fish moved back and forth (up to four times) between receivers 6 and 7 without passing another receiver ( Figure 4B ). In general, tagged fish released in Kerr Lake in 2007 and 2008 did not move great distances upstream, but did move around within the reservoir (Table 3) Table 4 ). Additionally, in 2009 one tagged fish was detected at the most upstream receiver in the Staunton River (receiver 14) and seven individuals were detected at the most upstream receiver in the Dan River (receiver 11); these fish may have made greater upstream migrations into the upper basin rivers than we detected that year.
Although the tagged individuals from Kerr Lake in 2009 that migrated into riverine habitat (average = 455.4, SE = 6.550) were slightly larger than those that were detected only in the reservoir (average = 447.2, SE = 5.07), the difference was not statistically significant (t = 0.98, P = 0.330). While most tagged American shad only made brief forays into upper basin rivers ( Figure 4A ), three fish spent considerable time (≥10 d) in riverine habitat ( Figure 4C ). Tagged fish released in Kerr Lake were detected in the Staunton and Dan rivers from mid-April to mid-May. These fish entered riverine habitat after spending between 2.0 and 35.2 d in Kerr Lake, for an average of 13.8 d (SE = 1.8) spent in reservoir habitat before reaching a river. Tagged American shad from Kerr Lake detected in upper basin rivers spent less than 1 h to almost 30 d in the riverine habitat of the upper basin (average = 4.9 d). For 2007-2009 combined, only seven tagged fish (6%) released in Kerr Lake migrated downstream through Kerr Dam. These individuals were first detected in Lake Gaston from late April to mid-June. Two of these individuals (both in 2009) were later detected to pass receiver 3 and 2, indicating that they had migrated downstream into the lower Roanoke River, and one fish migrated past receiver 1. In 2007 and 2008, 27% of the tagged fish that did not pass downstream through Kerr Dam were last relocated by manual tracking just upstream of the dam in June. TABLE 3. Minimum total and minimum upstream migration distances (km) for tagged American shad released in Lake Gaston, Kerr Lake, and the Staunton River, by year. Distances are minima because they were calculated from the linear distances between stationary receivers or points of manual relocation and do not include non-straight-line movements between receivers. The value n is the number of American shad that were detected during the season and that could be used for distance calculations. Figure 1 for the locations): (A) fish spent time in the middle of Lake Gaston but migrated once to the tailrace of Kerr Dam; (B) fish migrated multiple times to the tailrace of Kerr Dam; and (C) fish was detected in the middle of Lake Gaston and then out-migrated to the lower Roanoke River. TABLE 4. Number (n) and percentage of tagged American shad that were detected in the Staunton or Dan rivers and the total duration and percent of time that these fish were found in riverine habitat, by year and release site (Kerr Lake or the Staunton River). All fish released in the Staunton River were first detected in riverine habitat, so the percentage is 100. Of the fish that fell back, 92% moved downstream at least to receiver 10 in the lower Staunton River, a distance 16.7 rkm below the release site. Of the tagged fish that fell back in the river, 65% later moved upstream within or back into riverine habitat in the Staunton or Dan rivers (later passing upstream receivers 9 or 10). Except in the fallback period, most tagged American shad released in the Staunton River in both years were found in the Staunton and Dan rivers from mid-April to mid-May, similar to tagged fish released in Kerr Lake. Tagged fish released in the Staunton River generally appeared to migrate as far or farther than fish released in reservoir habitats; however, they made the shortest migrations directed upstream (Table 3) . Fish released in the Staunton River remained longer in riverine habitat than did the tagged fish released in Kerr Lake that migrated into an upstream river (Table 4 ). In 2008, there was not a significant difference in riverine duration for males and females (t = 0.85, P = 0.400). Tagged American shad released earlier in 2008 appeared to spend more time in riverine habitat than those released later in the season, although differences were not quite significant (F = 3.02, P = 0.065; Figure 6 ). Staunton River, as determined by detections (black dots = Kerr Lake, gray squares = Staunton River, and white squares = Dan River) at stationary receivers 1-14 (see Figure 1 for locations): (A) fish first made an upstream migration to receiver 13 but spent most of its time in Kerr Lake; (B) fish fell back and spent most of its time in Kerr Lake; and (C) fish fell back but then migrated within the Staunton River, Dan River, and Kerr Lake between late April and mid-May before remaining in Kerr Lake. individuals (3%), both released in 2009, were detected outmigrating through Kerr Dam and entered Lake Gaston. Neither of these individuals was detected in either Roanoke Rapids Lake or the lower Roanoke River. In 2008, 13% of tagged fish released in the Staunton River were last found by manual tracking just above Kerr Dam in June. Only one tagged fish was located repeatedly at the same location in the lower Staunton River during regular manual tracking (about once/week in May and June in 2008), suggesting that it died or regurgitated its tag in the river.
Assessment of Fallback
Of the 12 tagged American shad released at Roanoke Rapids in 2008, 4 (33%) fell back past receiver 1, approximately 2.7 rkm below the release site. One of the four was in the net pen overnight, and the other three were released immediately after tagging. Fallback to receiver 1 occurred from 3 h to 2 d after release (average = 1 d, SE = 0.38). Of the four fish that fell back, three returned to the main spawning area and the fourth was not detected again. Four tagged fish later out-migrated past receiver 1, whereas three others remained on the spawning grounds at the end of June, over 50 d after tagging.
Downstream Passage and Survival
In 2007 and all appeared to survive (95% CI: 0.292-1.000). All three American shad were detected by receiver 5 on a few separated occasions; two of the individuals passed receiver 4 in the middle of Lake Gaston, and one was detected in Roanoke Rapids Lake. Thus, one of the three fish that migrated downstream past Kerr Dam also passed downstream through Gaston Dam (Figure 1 ). During 2008, no tagged fish out-migrated past all three dams to reach the lower Roanoke River. For tagged fish in Lake Gaston, including those released in Lake Gaston (N = 55) and those that out-migrated past Kerr Dam into Lake Gaston (N = 3), 48% passed downstream through Gaston Dam into Roanoke Rapids Lake. Of the 28 that passed downstream, approximately 71% appeared to survive (95% CI: 0.513-0.868), about 21% had unknown fates, and approximately 7% (2 fish) died (95% CI: 0.009-0.235). The two fish categorized as definite turbine mortalities (one in 2007 and the other in 2008) were found in the same location on multiple manual tracking occasions in the tailrace of Gaston Dam in Roanoke Rapids Lake. Most fish with unknown fates were those that passed downstream in 2007 and were only detected on one date; they may have suffered delayed mortality in Roanoke Rapids Lake or may have out-migrated through Roanoke Rapids Dam to the lower Roanoke River. Roanoke Rapids Lake was manually searched infrequently, making it difficult to determine the fates of fish only detected once. In 2008, fixed receivers were placed in the river at Roanoke Rapids to identify downstream passage from Roanoke Rapids Lake to the lower Roanoke River. Between 55% and 67% of the tagged American shad that previously completed and survived downstream passage through Gaston Dam to enter Roanoke Rapids Lake in 2008 (6 of the 9 to 11 surviving individuals), later passed downstream through Roanoke Rapids Dam into the lower Roanoke River. The apparent survival of these tagged fish after passing downstream through Roanoke Rapids Dam was 83% (95% CI: 0.359-0.996); 17% had unknown fates, and there were no apparent mortalities (95% CI: 0.000-0.459). 
Sampling for American Shad Eggs
American shad eggs were collected at Roanoke Rapids below the Roanoke Rapids Dam from 10 May 2007 to 9 July 2007, at temperatures ranging from 17.9
• C to 25.5
• C ( Figure 7A ). The greatest number of eggs/m 3 occurred on 7 June 2007, when the water temperature was 24.3
• C. No American shad eggs were collected from any plankton samples in the Staunton or Dan rivers. Temperatures between 18
• C and 25
• C, when spawning would be expected, generally occurred in the upper Staunton and Dan rivers during late April, May, and sometimes early June (Figure 7) . Temperatures appeared generally more variable in upper river areas than at Roanoke Rapids (Figure 7) , although this may be a function of the times when sampling was completed; samples were collected between 2000 and 2200 hours eastern standard time at Roanoke Rapids but throughout the day at upper river sites. Downloaded by [North Carolina State University] at 10:47 29 June 2011
Synopsis of Results
Many sonic-tagged American shad released in upper basin habitats moved back and forth between stationary receivers, often within a reservoir. Almost all tagged fish released in the lower Staunton River fell back; however, 65% of those that fell back later moved upstream to riverine habitat. The amount of time spent in riverine habitat was affected by release location and year, but also showed high individual variability. American shad released directly into the Staunton River spent a longer average amount of time in riverine habitat than did those released in Kerr Lake. Tagged 
DISCUSSION
Adult American shad can be successfully collected and transported for release into upstream habitats with low overall mortality. As observed in other studies, we found in 2007 and 2008 that survival was highest when fish were transported at cooler water temperatures (Layzer 1979; Hendricks 2003) . Cooler temperatures generally occurred earlier in the spawning season and were associated with higher levels of dissolved oxygen, which may lead to lower physiological stress for transported fish. In transport studies on two other Atlantic Coast rivers, Walburg (1954) and Layzer (1979) noted that transported females suffered higher mortality than did males. Our most parsimonious model did not contain sex as a factor but did include total length. The model predicted higher mortality for larger fish, which probably accounts for much of the same effect because females were generally larger than males. Given that (1) mortality was lowest early in the season, (2) fish released early appeared to spend comparably more time in riverine habitat, and (3) most detections in rivers occurred during April and early May, we suggest that it would be best to transport a high proportion of American shad as early as possible during the spawning season. We collected American shad on their spawning grounds at Roanoke Rapids, because fish accumulate there and can be caught and transported more quickly; however, collecting American shad earlier at a more downstream location might result in even lower mortality and better upstream migration, although transport duration would also increase.
Although tagged American shad were successfully transported upstream with low mortality, most spent relatively little time in habitats considered suitable for spawning. American shad typically spawn in the main channels of rivers in areas of shallow depth (generally <5 m, often much less), with suitable temperature (often between 14
• C and 24
• C) and dissolved oxygen (generally >5 mg/L), moderate water velocity (generally 0.3-0.9 m/s), and substrates free from silt (Stier and Crance 1985; Ross et al. 1993; Beasley and Hightower 2000; Hightower and Sparks 2003) . The riverine habitat upstream of Kerr Lake met these conditions. However, most transported American shad, including many individuals released in the Staunton River, spent much of their time in Kerr Lake, which is a large (22,234 ha), deep (average around 9 m) reservoir that lacks adequate flow to provide suitable spawning habitat for American shad.
Historically, American shad in the Roanoke River and other rivers completed long distance migrations upstream to spawning habitats (Limburg et al. 2003) , so the relatively short distances between release sites and riverine habitat should not impede their reaching that habitat. Some tagged American shad moved considerable distances after transport; however, much of the movement was back-and-forth within a reservoir (Table 3 ; rather than a directed movement upstream. Also, our estimates of total movement were lower than actual values because they were calculated mainly from detections on stationary receivers (some over 30 km apart) and do not take into account smaller-scale movements between receivers. Therefore, the relatively small amount of time spent in upstream riverine habitats by tagged American shad released in Kerr Lake was probably not related to an inability to migrate that far upstream.
Another possible cause for the short duration in the riverine habitat was the adverse effects of handling, tagging, and transport on American shad behavior. Numerous studies have shown that American shad subjected to tagging suffer the fallback response (Barry and Kynard 1986; Beasley and Hightower 2000; Moser et al. 2000; Hightower and Sparks 2003) . Fallback behavior in alosines may be a response to the stress associated with handling and tagging procedures (Acolas et al. 2004; Olney et al. 2006) and possibly the sound pulses made by sonic tags (Mann et al. 2001; Popper 2003) . To reduce handling time during tagging, Sprankle (2005) collected no information on an individual's size or sex and fallback was observed for only 10% of the tagged fish. Frank et al. (2009) examined chemical levels in blood plasma associated with stress (cortisol, glucose, and chloride ions) in alewives A. pseudoharengus under conditions of handling and tagging. Their data suggest that handling or handling combined with tagging resulted in similarly elevated stress levels not observed in unhandled fish (Frank et al. 2009 ). They also observed that alewives transported for 2 h experienced even greater changes in chemical levels, suggesting more Downloaded by [North Carolina State University] at 10:47 29 June 2011 highly elevated stress levels associated with transport. Evaluation of stress levels for American shad under different environmental conditions during transport (i.e., temperature, dissolved oxygen, tank size, fish density, etc.) could help define hauling methods that would result in the least impact on fish behavior. Compared with fish released in the Staunton River, fallback was not as well defined for fish released in reservoirs. Possibly, fish released in reservoirs could not orient because of the lack of current or were simply less constrained in the direction of their movements than those in the Staunton River. Also, the sequence of receivers in the river could provide better documentation of fallback behavior. We suspect that handling, tagging, and transport also affected the movements of fish released at reservoir sites. Although our sample size was very small, we observed that a lower proportion of American shad tagged, transported, and released on the spawning grounds at Roanoke Rapids, experienced fallback. Barry and Kynard (1986) noticed that when tagged American shad returned upstream after fallback, they were in schools with other untagged American shad. Individuals released on the spawning grounds may have suffered lower fallback rates because other American shad were present to form schools. We transported 50-60 American shad at a time, the suggested maximum density to transport in our hauling tank (Hendricks 2003) . Possibly, transporting larger groups of American shad would reduce fallback and improve behavior.
Regardless of the cause, the short duration in suitable spawning habitat could reduce a transported individual's annual reproductive output. American shad are batch spawning fish (Olney et al. 2001; Olney and McBride 2003; Hyle 2004) , and studies from populations in Virginia suggest that there is high individual variability, but that females generally spawn every 2-4 d, and individuals spend about a month in riverine spawning habitats (Olney et al. 2001; Hyle 2004; Olney et al. 2006; Aunins and Olney 2009 ). Using manual tracking, Sparks (1998) found that after tagged American shad reached the spawning grounds at Roanoke Rapids, they remained within a 1-km 2 area, often for about 20 d. In addition, such concentrations of tagged American shad and American shad spawning activity over a season have been observed in other studies (Bowman 2001; Bailey et al. 2004) . Using this information, it seems very unlikely that many of our tagged American shad could have spawned multiple batches of eggs during their forays into upstream rivers. We also found no evidence of spawning from plankton tow samples in upper basin rivers, although these data should be evaluated with caution because our sample sizes were small relative to the size of the system. We also did not find any areas where fish were concentrated to guide sampling site selection, and we did not transport a large number of females.
In addition to spending less time in suitable spawning habitat, transported American shad potentially have a lower probability of repeat spawning than do fish below the Roanoke Rapids Dam. Only 5% of the fish released in either Kerr Lake or the Staunton River during the 3 years passed downstream through Kerr Dam. In addition, including fish released in 2008 and 2009, only 1% completed the entire migration back to the lower Roanoke River. It is possible that some tagged American shad passed downstream after the study ended, the tag's battery life ended, or after regurgitating the tag, causing their outmigration to be undetected. Tagged fish located just above dams late in the season suggest that some individuals were attempting to out-migrate, but were unable to pass downstream through the turbines. In the River Gudbrandsdalslagen, a regulated river in Norway, postspawning brown trout Salmo trutta moved back and forth within a reservoir until spillway releases began, when they moved near the dam, possibly searching for a way to pass downstream. These brown trout only out-migrated through the spillways during periods of surface releases (Arnekleiv et al. 2007) . American shad consume very little food in freshwater and generally lose considerable weight during spawning runs (Leim 1924; Chittenden 1976; Walter and Olney 2003; Harris and McBride 2009) ; therefore, the combination of longer migration distances, delayed or ceased out-migration, and turbine mortality (Chittenden 1976; Kynard and Buerkett 1997; Limburg et al. 2003; Leggett et al. 2004 ) could cause increased mortality and reduce the numbers of repeat spawners. Although highly variable, the estimated percentage of repeat spawners in the Roanoke River averages 55% and some individuals spawn in more than 2 years (Burgess et al. 2007 ). Thus, fish transported upstream of Kerr Lake would presently appear to have a reduced chance of repeat spawning compared with fish in the lower Roanoke River. Structures or surface releases to aid in downstream passage at Kerr Dam could potentially improve the percentage of American shad that successfully out-migrate.
In contrast to the low downstream passage rates at Kerr Dam, almost 50% of fish passed downstream through Gaston Dam and just over 50% passed Roanoke Rapids Dam. Differences in passage rates may be a result of turbine type and location of input water within the water column. Roanoke Rapids Dam has four adjustable-blade propeller-type Kaplan turbines (36,000 hp, 20.7-m head, 128.6 rotations/min) and Gaston Dam has one adjustable-blade and three fixed-blade Kaplan turbines (70,000 hp, 20.4-m head, 100 rotations/min). Turbines in the Gaston and Roanoke Rapids dams pull input water across a sub-surface weir, so surface withdrawals are generally well oxygenated during the American shad spawning season. In contrast, Kerr Dam has nine vertical-shaft Francis turbines (six with 45,000 hp, 27.4-m head, 85.7 rotations/min; one with 17,000 hp, 27.4-m head, 138.5 rotations/min; and two with 1,600 hp, 27.4-m head, 450.0 rotations/min) that pull water from the hypolimnion, which is poorly oxygenated. The slightly higher percentage of American shad out-migrating past Roanoke Rapids Dam, than past Gaston Dam might be due to the combination of turbine and surface releases at Roanoke Rapids Dam, whereas Gaston Dam has only turbine releases. Alternatively, this observed difference may be the result of small sample sizes. Overall, our results suggest that, like other systems, downstream passage through dam turbines can result in low initial mortality for American shad, but rates may vary with the dam's configuration and power output (Bell and Kynard 1985; St. Pierre 2003; Sadzinski and Hendricks 2007; Heisey et al. 2008 (Budy et al. 2002) , was not examined or quantified, but could result in higher mortality rates for out-migrating American shad. Downstream passage structures or spilling water could potentially increase downstream passage of transported fish, which would reduce the negative effects of transport on the proportion of repeat spawners in the population.
Environmental The overall success of a trap-and-transport program in a river system is affected by release site and upper basin characteristics. American shad released directly into the Staunton River spent more time in riverine habitat than did tagged fish released in Kerr Lake. In addition, a higher percentage of tagged fish in Lake Gaston, the smaller reservoir, reached the tailrace of Kerr Dam, than the percentage of tagged fish released in Kerr Lake that reached the lower Staunton or Dan rivers. Possibly, Lake Gaston is easier for American shad to navigate since it is much smaller and may have detectable flow throughout. Barry and Kynard (1986) observed that American shad schooling and swimming behavior in a dam's tailrace appeared altered when water discharge stopped; they suggested that these fish were moving "rapidly back and forth upstream and downstream in an attempt to locate flow" (Barry and Kynard 1986; p. 237) . American shad may have similar difficulty locating flow in large reservoirs, such as Kerr Lake. However, American shad in the St. Johns River, Florida, successfully migrate through a few natural lakes to reach spawning areas (Williams and Bruger 1972) , suggesting that adult American shad can navigate through areas with little or no flow, although lakes on the St. Johns River are smaller and shallower than either Kerr or Gaston reservoirs. Arguably the largest American shad population is found in the highly regulated Columbia River on the Pacific Coast of North America. Columbia River American shad are an introduced species and no restoration is focused on them; however, fish ladders created to aid Pacific salmon recovery have also increased American shad populations, giving them access to quality spawning habitat upstream of large hydroelectric dams (Petersen et al. 2003) . Columbia River dams produce run-of-river reservoirs, and fish appear to pass effectively both upstream and downstream, some fish passing dams over 600 rkm from the river mouth (Petersen et al. 2003) . Based on our results and those of other studies, we speculate that transport would be most beneficial for American shad in systems with both small impoundments and large amounts of high quality spawning habitat upstream. An example of such a system could be the Susquehanna River of Maryland and Pennsylvania. The most downstream dam on the Susquehanna River is at rkm 16 (Conowingo Dam). Stocking and access to habitat upstream of dams have improved the stock status of American shad in the Susquehanna River, although it has been suggested that improved upstream passage rates at some dams and reductions in downstream mortality rates would improve the results of restoration efforts (Sadzinski and Hendricks 2007) .
In conclusion, adult American shad can be successfully collected and transported for release into upper basin habitats. Potential concerns about the effectiveness of a transport program include fallback, the low fraction of fish introduced into reservoirs that are later located in riverine habitat, and the relatively little time spent in riverine spawning habitat, all of which may lead to reduced reproductive output for transported individuals. The effects of handling, tagging, and transport on our results cannot be determined with certainty; however, our study was small and experimental, and American shad might perform better in a program characterized by less handling, no tagging, and large-scale transport. Other potential concerns associated with transport programs are out-migration delays at dams and passage mortality; both might be reduced by structures to aid downstream migration. The effectiveness of trap and transport depend, in part, on upper basin characteristics. Overall, a transport program would be most effective if fish were collected and moved early during the spawning season and were released into areas with high quality, accessible spawning habitat during periods of appropriate spawning temperatures.
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